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Abstract – This paper details  the development of a computer-assisted laboratory under virtual environ-
ment which has been put in place  to teach the theoretical and practical aspects of Electromagnetics, with-
out physically using any instruments to do the measurements. The virtual laboratory has allowed us to 
teach Electromagnetics in a new and effective way, helping our students master this difficult subject. In 
particular, virtual experiments have been designed which the students perform before attempting to do the 
corresponding real experiments. These virtual experiments help the students to appreciate the essential 
features of an experiment without being confused or distracted by the complexity of the real experimental 
procedures.  We believe that learning is favorably augmented by using this innovative way of teaching the 
laboratory material through a computer-based, flexible and interactive environment of virtual experi-
ments. 
Keywords – Electromagnetics, Virtual Laboratory, Instrumentation, Laplace’s equation, Ferromagnetism, 
B-H Characteristics Measurement. 
I. INTRODUCTION 
Electromagnetics is a demanding subject, both to teach and to learn. A student has to comprehend dif-
ficult physical concepts and apply advanced mathematical techniques. Even though Electromagnetics is 
the very basis of our modern life, the material may seem esoteric and divorced from the real world. Stu-
dent interest must be stimulated so that adequate learning can take place and the use of virtual experi-
ments is one way of doing this. Virtual experiments can introduce students to a wide range of electromag-
netic experiences and methods without requiring them to spend inordinate amounts of time, thereby free-
ing learning time for other rewarding activities. Also, Electromagnetics is such a rapidly evolving subject 
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that equipment, instrumentation and experiments can become outdated very fast. While the virtual ex-
periments also run the same risk of getting outdated, they are much easier and less costly to update. 
Moreover, with passage of time, the basics and fundamentals of the Electromagnetic theory has not 
changed and hence several of the virtual experiments will never change, barring the user interface and the 
implementation platform. 
In the reported works, applications have been designed to assist students to visualize electric and mag-
netic fields and to better appreciate the time varying nature of the phenomena described. The teaching of 
transmission line theory has benefited from the development of animation software displaying incident 
and reflected waves on a line [1 – 6]. Magnetic field mapping software has been used to illustrate the im-
portance of magnetic shielding in high frequency applications. Computer based simulations have been 
developed to illustrate the important practical applications of electromagnetics and to show how the the-
ory can be used to solve practical problems [7].  Indeed many graphical visualization packages are avail-
able which assist student appreciation of the applications of the subject without the prior necessity of mas-
tering the underlying mathematics [8, 9]; in the expectation that once the student has been convinced of 
the practical utility of the subject he will be stimulated to learn the theory.   
This paper describes the development of virtual laboratory experiments for a core subject in Electro-
magnetics. In Section II we provide the background of the course for which the virtual laboratory has 
been developed. Students’ (negative) opinion on laboratory experiments was the motivating factor to un-
dertake this work; these are briefly presented in Section III. Section IV introduces the various experiments 
which the students have to perform. The details of the virtual experiments are given in Section V. After 
the implementation of the virtual environment, students’ feedback on the virtual experiments was sought; 
these are summarized in Section VI. 
II. BACKGROUND OF THE COURSE 
The development of virtual laboratory reported in this paper is a part of the subject 143.352 Electro-
magnetics in the course curriculum of Information and Telecommunication Engineering degree program 
at Massey University, New Zealand. Electromagnetics theory is a key to understanding and modeling an-
tenna and radio frequency propagation. The course 143.352 Electromagnetics has been introduced as a 
core subject since 2002. It is a single semester course which spans a thirteen week period. There are effec-
tively 39 hours of lecture, 13 hours of tutorials and 13 two-hour laboratory classes available. Since the 
Institute of Information Sciences and Technology, Massey University, does not have all the necessary re-
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sources for conducting the practical experiments, the course is combined together with another course 
124.328 Applied Electromagnetism, offered by the Physics department. The laboratory experiments are 
conducted in the Physics department for the joint courses. 
III. STUDENTS’ OPINION 
SECAT (Student Evaluation on Composition, Administration and Teaching) for this course was done 
in the year 2002. The students expressed grave concerns about the laboratory experiments. Two of the 
comments of concern were- 
i) Students felt that they learnt the theory after the laboratory experiments were completed. 
ii) Students often did laboratory experiments on unfamiliar topics, the theory of which was not yet 
covered in the class. 
In essence, it was difficult for the students to grasp the laboratory experiment as they were often not 
familiar with the theory at the time of doing the experiment. Developing an infrastructure for multiple ex-
perimental setups puts a heavy financial burden on the university.  Thus the development of virtual ex-
periments was explored with an added intention to make the laboratory experiments much more interest-
ing. 
IV. TEACHING WITH LABORATORY EXPERIMENTS 
Real practical experiments are conducted to increase the students’ practical skills and knowledge, and 
to give them the opportunity to become acquainted with many instruments as well as the experimental 
procedures. The students are required to conduct the experiments in pairs and laboratory support is pro-
vided.  At the completion of an experiment, the students are allowed one week to complete their analysis 
and submit a report. 
In the first year, i.e. in 2002, five experiments were conducted. Since we had only one experimental 
set-up for each experiment, the students were divided into groups and asked to do one experiment each 
week. So effectively all the experiments were conducted on the same day, albeit by different student 
groups.  
Fig. 1 shows the photograph of the bound region, a part of the experimental set-up (necessary instru-
ments are not shown) to verify Laplace’s equation. The experiment involves determining the electrical 
potential in a region of interest confined within known boundary conditions. The apparatus is a rectangu-
lar-trough whose bottom is lined with conductive paper overlaid by a clear plastic sheet with a rectangular 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS,  VOL. 1, NO. 2, JUNE 2008
445
grid of 21 x 14 holes punched in it at 1 cm spacing. The students are required to measure the electric po-
tential at each grid point with a voltmeter and a sharp probe. One side of the trough is held at 25 V while 
the remaining 3 sides are held at 0 V. The students measure the electric potential and plot the potential 
distribution. The large grid spacing of 1 cm is to allow the students sufficient time to collect data, but the 
spacing is too large for the students to be able to use the electric potential to calculate the electric field 
distribution with precision. Fig. 2 shows the distribution of electric potential obtained from the measured 
data. 
 
 
Fig.  1. Experimental apparatus for the solution of Laplace’s equation 
 
 
 
 
 
 
 
Fig.  2. Potential distribution obtained from measured data 
 
Fig. 3 shows the experimental set-up for another practical experiment on plotting the B-H characteris-
tics of ferromagnetic materials. In this experiment the students use a variable frequency alternating cur-
rent source to excite the core through an exciting coil. They connect a series resistance to measure the ex-
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citing current and the voltage across the sensing coil is measured for the measurement of flux density. The 
current and sensing voltage signals are fed to a data acquisition card plugged in a PC. The students use an 
oscilloscope to observe the voltage and current waveforms and also to plot the B-H characteristics. They 
also get the opportunity to use the data acquisition software to do the necessary calculations from the plot 
of the B-H characteristics. 
Fig. 4 shows a picture of a solenoid which is excited by current carrying coil. The students measure the 
magnetic field intensity inside and outside of the solenoid. They note the results and plot it using software 
such as Excel or Matlab. They are able to note the distribution of the magnetic flux density along the axis 
of the solenoid measured at the mid point. The hall-effect sensor has been fitted on a rod at the mid point 
of the solenoid which is not easy  to change its position during experiment. 
 
 
Fig.  3. Set-up for ferromagnetism experimentation 
 
Fig. 4  The solenoid used for practical experiment 
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V. DEVELOPMENT OF VIRTUAL EXPERIMENTS 
The development of a Virtual Experimental Platform, to study Electromagnetics experiments, started 
in the year 2002 with the support of a FIET (Funds for Innovation and Excellence in Teaching) grant and 
assistance from IIST (Institute of Information Science and Technology) and IFS (Institute of Fundamental 
Sciences). FEMLAB, a finite element software package for Electromagnetics modeling, was purchased 
and some development work was carried out [10, 11, 12, 13, 14]. The laboratory work accounts for 25% 
of the course marks, half of which is for practical laboratory and another half for the virtual laboratory. 
Virtual experiments can be readily altered to illustrate new techniques and to demonstrate genuinely in-
teresting phenomena. The other advantages of virtual experiments are- 
1. Observation of phenomena not directly observable by human senses (e.g. flux lines). 
2.  Observation of transient processes [2]. 
3.  Observation of processes which are either very large or very small. 
4.  Regulation of complexity to suit different educational levels. 
5. The experiments are safe and accessible through internet. This is particularly important for multi-
ple campus universities like Massey University. 
6.    All the experiments can be run simultaneously and can be planned based on the coverage in the 
lecture. 
 
Six virtual experiments have been set up. These are-  
1.  Solution of Laplace’s equation 
2.  The magnetic field in a solenoid 
3.  Impedance characteristics of a planar coil 
4.  B-H characteristics of ferromagnetic materials 
5.  Magnetic dipole antenna 
6. Helmholtz Coil. 
 
Each of these virtual experiments has been developed around a real experiment. The students perform 
the virtual experiment before they attempt the corresponding real experiment. Hence the students are able 
to appreciate and investigate the phenomenon to be studied without the distraction of the real experimen-
tal environment. Subsequently when they fully appreciate the purpose of the investigation they perform 
the real experiment.  
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The development of virtual experiments has been centered on Visual Basic [15] and FEMLAB soft-
ware [16, 17]. The students were given a brief introduction to virtual experiments and instructed how to 
conduct a virtual experiment. An instruction sheet accompanied each virtual experiment and the students 
had 2 hours to complete it. Some exercises are given and they are asked to submit the report at the end of 
the experiment. 
A brief description of a few virtual experiments is given here. 
In the experiment on solution of Laplace’s equation, the practical laboratory involves determining elec-
trical potential in the region of interest with given boundary conditions as shown in Fig. 1. They measure 
the electric potential and the data is used to plot the potential distribution. The same experiment has been 
developed for the virtual laboratory.  
The students follow the method of conducting the virtual experiment which has been explained in the 
lab-sheet. Once the solution is obtained, they can do post-processing and see the desired waveform. Fig. 5 
shows the electric potential distribution for the problem. There are several things that are cumbersome to 
do during the actual experiment, which are very easily done with the virtual set-up. Fig. 6 shows the dis-
tribution of the electrical field intensity (norm) for the problem. 
 
 
 Fig.  5. Potential distribution 
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Fig.  6. Plot of electric field intensity (norm) 
 
In the virtual experiment, it is very simple to change different parameters and see their effect on the re-
sponse. Figures 7 and 8 show the potential distribution when the boundary conditions are changed; one 
shows the surface plot while the other shows the contour plot. In this case the upper and bottom sides are 
kept at the same potential value and the two sides are kept at another potential value. It is very difficult to 
set up this type of boundary conditions if not planned before hand while doing the practical experiment. 
 
 
 
Fig.  7. Potential distribution with different boundary conditions (surface plot) 
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Fig. 8. Potential distribution with different boundary conditions (contour plot) 
 
The virtual experiment on the solution of Laplace’s equation has been configured around FEMLAB. 
On the other hand the experiments on ferromagnetism and the B-H characteristics of ferromagnetic mate-
rials have been developed using Visual Basic. The necessary connection and requirement of instruments 
have been taken care of in the development work. Fig. 9 shows the output B-H characteristics when 
proper inputs and parameters have been chosen. This is very useful to make the learning interactive as the 
students get immediate feedback. For off-line analysis, a lot more data is stored in a file. 
 
Fig.  9. Virtual experiment on ferromagnetism: B-H curve 
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The experiment on solenoid has been carried out using finite element analysis software, FEMLAB. The 
students draw the 2-dimensional model and solve it after providing the necessary boundary conditions. In 
the post-processing, it is possible to observe any parameter of their interest. Fig. 10 shows the distribution 
of magnetic potential lines which is nearly impossible to do during practical experiment. 
 
 
Fig. 10. The distribution of magnetic potential lines 
 
Fig. 11 shows the variation of magnetic flied intensity along the axis of the solenoid. They can verify this 
results with that shown in figure 5. 
 
 
Fig. 11. Variation of magnetic field along the axis of the solenoid 
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In the actual experiment of Helmmoltz coil the students measure the magnetic field distribution inside the 
coil at different distances. The experimental set up is shown in Fig. 12. They can change only the current 
through the coil but it is not possible to change the diameter of the coil and the separation distance be-
tween them. The Helmmoltz coil has a lot of practical applications, one of them is to study the effect of 
magnetic field on DNA damage and repair. In the virtual experiment of Helmmoltz coil, the coil configu-
ration is drawn and solved using FEMLAB. Figure 13 shows the model drawn and solved using finite ele-
ment analysis method. This experiment gives the students an opportunity to deal with a three dimensional 
problem which is very useful for their learning of different kinds of electromagnetic modeling problem. 
They can change the coil dimension, excitation current and the separation distance between the coils. Fig-
ure 14 shows the variation of the magnetic field as a function of coil separation at different vertical posi-
tions. It is seen that the magnetic field is quite uniform inside the coils. The diameter of the coil and the 
separation between them is taken equal. The magnetic field is also calculated for different separation dis-
tance between the coils, keeping the diameter of the coils same. Figure 15 shows one such result. It is 
seen from Figure 15 that uniformity of the field distribution is achieved while the coil diameter and the 
separation between them is exactly equal. This helps the students to understand the Helmmoltz coils in a 
simple way. 
 
 
Fig. 12. The experimental set-up of Helmmoltz coil 
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Fig. 13. The Helmmoltz coils drawn and solved using finite element analysis software, FEMLAB 
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Fig. 14. The magnetic field distribution inside Helmmoltz coils 
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Fig. 15. The magnetic field as a function of coil separation for different separation distances 
VI. ASSESSMENT AND STUDENT EVALUATION OF VIRTUAL EXPERIMENTS 
The assessment part of virtual experiment can be looked at from two different aspects. First these vir-
tual experiments give the students an opportunity to assess the theory of the subject which they learn 
through lectures. In a practical experiment it is not possible to observe the effect of changing a parameter 
on the system performance very quickly which can be done with the virtual experiments with ease. The 
students are asked to explain the reason for those changes and this ignites their thinking process and rein-
forces the learning.   
Each laboratory is worth 2.5% of the final grade for the course. The students are asked to answer a few 
questions which are described in the instruction sheet. The exercises form step by step process of the 
learning cycle and the backbone of the continual assessment. At each stage during the laboratory the stu-
dents are provided necessary guidance to conduct the experiment. The students are asked to show the re-
sults during the laboratory when they are ready and they are assessed for their grading. They submit the 
final report at the end of the laboratory.  The reports are assessed and marked and handed back to the stu-
dents before the next laboratory so that they get immediate feedback. The student attitudes to virtual ex-
periments and assessment were surveyed so that their usefulness in enhancing student learning and appro-
priateness of the assessment could be assessed. The survey results are shown in Table 1.  The students 
INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS,  VOL. 1, NO. 2, JUNE 2008
455
were divided about whether sufficient time was allocated to virtual experiments but the majority believed 
virtual experiments had enhanced their understanding and learning. There was unanimous agreement that 
virtual experiments were worthwhile and should continue to be offered, though the students also believed 
that they could not replace real experiments. They are very happy with the mode of assessment used for 
this part. 
Table 1  Student survey results 
 
Q 
No. 
Question\Scale 1 2 3 4 5 
1 It was interesting 0 0 15% 18% 67% 
2 
It has helped my 
understanding of 
the subject 
0 0 
33.3
% 
33.3
% 
33.3
% 
3 
The briefing at the 
beginning of the 
laboratory was 
very helpful  
0 0 0 
33.3
% 
66.7
% 
4 
Time allocated for 
the laboratory was 
sufficient 
0 0 10% 45% 45% 
5 
The assessment of 
the virtual labora-
tory was right 
0 0 10% 25% 65% 
6 
Do you think the 
virtual laboratory 
can replace the 
practical labora-
tory? 
YES -  10 % 
NO – 90 % 
7 
Should it be con-
tinued 
YES – 100 % 
NO -  0 % 
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(Scale: 1 – Not Agree, 5 – Strongly Agree). 
 
VII. CONCLUSIONS 
In this paper we have presented the development work of conducting virtual laboratories for Electro-
magnetics, a 3rd year core subject for the Bachelor of Information and Telecommunication Engineering 
degree and Physics specialization offered at Massey University and the assessment part of the laboratory. 
With the help of FIET (Fund for Innovation and Excellence in Teaching), the development work for an 
innovative way of conducting laboratory experiments was accomplished. This is part of the development 
of a comprehensive method for teaching electromagnetism at undergraduate level. The main purpose has 
been to use a computer assisted teaching environment to make the complex, abstract subject as simple as 
possible without compromising the subject’s integrity, so that the students can learn more effectively with 
enthusiasm and interest. The questionnaires have shown that the development has greatly enhanced the 
student learning and has increased their interest of the subject. 
As part of the future work, the virtual experiments will be made more interactive so that students can 
obtain immediate and more constructive feedback. It is also being made available on the web so that it can 
be accessed anytime from anywhere at the convenience of the student. The development has helped us to 
teach the subject with more satisfaction and our students have enjoyed this subject in the computer as-
sisted learning environment. The method of assessment for the laboratory is very effective and students 
appreciate it. 
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